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Ireland, like all EU 27 countries has a legal binding to the EU Directive 2009/28 EC which sets a target 40 of 20% of all energy consumption to come from renewables by 2020 [1] . Ireland's contribution to 41 this target is set out in the National Renewable Energy Action Plan which ensures that 16% of all 42 national energy consumed by transport, electricity and heat will come from renewable sources by 43 2020 [2] . This will be achieved in the form of 40% electricity generation from renewable energy 44 sources (RES), 12% for the consumption of heat and 10% for the transport sector. 45
In 2010 the main fuel sources for electricity generation in Ireland was comprised of natural gas 46 (61%), coal (17.6%) and peat (10%). Other sources included wind (4.9%), fuel oil (2.1%), landfill gas, 47 biomass and other biogas (1.5%) with the remainder being made up from electricity imports (0.8%) 48 and 0.7% of gas oil and refinery gas [3] . 49
Renewables in the fuel mix for electricity generation in total accounted for 7.4% in 2010 with 1.3% 50 being biomass. Renewables in this scenario include wind, hydro, landfill gas, biomass and other 51 biogas. In 2009 and 2010 the percentage of gross electricity consumption from renewables was 52
13.7% and 14.8% respectively (normalized). The target for Ireland in 2010 was 15% (which was 53 effectively met) and the target for 2020 is set at 40%. Ireland is heavily dependent on imported fossil 54 fuels with net imports of approximately 86% in 2010 of the total primary energy requirement (TPER) 55 down from a peak of 90% in the year 2006. Ireland's overall energy use declined by 0.3% in 2010 56 mainly due to a contraction in the economy of 7% in 2009 followed by 0.
4% in 2010 [4] 57
One main aspect of the NREAP (2010) is that the target of 30% co-firing for Ireland's 3 peat power 58
stations that was set in the Energy White Paper (2007) [5] must still be achieved. To complete this 59 initially, implies the offsetting of 0.9 Mt of peat with biomass. This paper looks at using a Linear 60
Programming approach to analyse and provide the transport supply strategies necessary for optimal 61 woody biomass allocation from the resource currently available in Ireland in order to meet the co-62 firing targets for two time horizons, 2015 and 2030. 63
Availability of Peat and Wood Fibre in Ireland 64
Currently, Edenderry Power which is owned by Bord Na Mona (BNM) is only co-firing biomass at 65 present. Edenderry has a plant capacity of 128 MWe. BNM was established in 1946 to control and 66 harvest the peatlands and is the only producer of peat for electricity in Ireland. Peatlands cover 67 17.2% of the land mass in Republic of Ireland, but not all of it is harvestable. The world's peat 68 resource area is roughly 4 million km 2 which is 3% of the total land area. Peat consumption as a fuel 69 is 17 Mt per annum with other countries such as Finland, Belarus and Sweden the main users. 70
Currently only 0.34% of total peatland is used for energy peat production[6] 71
Resources suggest that at current production rates about 90 Mt (million tonnes) or 19 years of 72 supply remains in Ireland [7] , and there are concerns about their management Woody biomass will continue to dominate the mixture of materials for co-firing for the 2015 targets. 97
The planned tonnages include willow increasing from 40 kt (000 tonnes) to 100 kt. Sawmill residues 98 are to remain constant at 100kt in 2015 and 2020 while forestry thinnings increase from 50 kt to 100 99 kt. 100 
TOTAL 916
Pulpwood chipped for pellet production 38
Sawdust used for pellet production 30
TOTAL 984

Roundwood harvest
Roundwood available for processing 2708
Firewood harvest 199.00
TOTAL 2907
Forest-based biomass use expressed as a % of total roundwood harvest 33.85%
The overall demand for roundwood in Ireland is expected to increase from 4. (supply, storage, production and ash management) of forest biomass for electricity generation in 165
Canada. Interestingly, the model showed how the optimum solution generated more profit than the 166 power plant was currently making. 167
Advantages of linear programming are the logical problem formulation, the efficient algorithms 168 based on linear algebra, and the simultaneous provision of useful economic information on the 169 elasticity of each variable with regard to the optimal solution. 170 P1 has a planned intake of biomass of 420,000 m 3 (300kt) in 2015, which equates to 30% of its intake 231 of peat. This percentage value has been set by Irish legislation. This is planned to increase to 700,000 232 m 3 in 2020 when a 50% co-firing target is reached when approximately 500 000 t of peat needs to be 233 replaced with an alternative fuel. It is anticipated that this figure will remain consistent for the 2030 234 analysis. For P2 and P3 there is no intake of biomass in 2015. The planned intake for P2 and P3 in 235 2030 is assumed to be 30% of its current peat consumption and is equivalent to 504,000 and 236 378,000 m 3 respectively. P2 and P3 plan to co-fire from 2019 onwards. Given that it will take P1 8 237 years to reach a 30% co-firing rate, the year 2030 is seen as a logical time horizon for this analysis. 238
The board sector includes 3 WBP mills. Two of the board plants source only chip directly from the 239 available resource, while the other mill can include both woodchips and pulp. Sawdust is neglected 240 in the analysis here as a mill residue for bioenergy, as it is primarily re-used by the sawmills as boiler 241 fuel and the increasing wood pellet manufacture in Ireland. 
267
The total stand costs for truck and trailer amount to €345 / day. The total running costs amount to 268 €0.68 / km and includes both truck and trailer running costs. In order to gather information on fuel 269 consumption, a biomass truck was instrumented with engine diagnostic equipment. The FMS (Fleet 270 Management System) cable is used to extract the engine diagnostic information through the hard 271 wiring of the CAN_High and the CAN_Low. These must be connected into the CAN Bus from the FMS 272 gateway on the truck's engine. The on board diagnostic (OBD) for the truck involved the installation 273 of a GPS Blackbox with GPS tracker. The GPS antenna is positioned on the outer side of the 274 dashboard so that it becomes visible through the front windscreen. The GSM / GPRS (Global System  275 for Mobile Communications / General Packet Radio Service) magnetic antenna is fixed to the inside 276 of the windscreen for optimum signal strength in order to send the information so that it can be 277 viewed and analysed through a web browser. In addition to the static price and volume figures, the development of mean cost against incremental 353 growth in transported energy units (mean supply cost curves) is given in Figure 2 , for sawmill 354 residues only. The two rows indicate the time horizons 2015 and 2030 respectively, while the 355 columns show results depending on the sector focus in the optimization. These figures can be seen 356 from the sawmill sector (supplier) viewpoint, as they show how the same total resource is 357 reallocated dynamically, depending on the demand scenarios. The total combined availability of 358 sawmill residues for all scenarios is 3 780 TJ (x-axes). 359
For Scenario2015 (row 1), the first diagram shows how a focus on the GLOBAL optimum allocates 360 almost equal shares of the sawmill residues to the board and energy sectors, although the material 361 is allocated to the board sector at a cheaper rate. For the energy sector, almost half the material 362 comes at a marginal supply cost exceeding € 400 TJ -1 and ranging up to € 510 TJ -1 . This pulls the 363 mean supply cost up significantly. For the energy sector run in Scenario2015, the board sector is 364 only supplied with sawmill residues once the marginal cost, and here also mean cost, exceeds € 300 365 TJ -1 . 366
The Global series shows the mean supply costs when both the volumes delivered to the board and 367 the energy sectors are ranked together in the same series. This is a proxy for mean supply cost for 368 the whole scenario, as it always terminates at 3 780 TJ, and can be used to gain a rapid comparative 369 overview of all scenarios. When focusing on BOARD, all sawmill residues are allocated to the board 370 sector (no energy series which means the global is the same as board). 371 The volume allocations in Table 6 represent static solutions for 2015 and 2030. Here the focus has  376 been on utilizing the existing sawmilling residues. The cost of the alternative biomass source 'other' 377 was fixed at € 5000 per TJ, more than 10 times the price of residues, in order to prioritize the use of 378 these. However, in order to evaluate the supply cost and sensitivity of the solution against a range 379 of possible weighted mean prices of alternative biomass, optimisations were run using a transport 380 cost for this between € 100 and € 500 TJ -1 . Figure 3 shows the development in supply cost within this 381 range, and within and between the time horizons. The legends GLOBAL, BOARD, and ENERGY 382 indicate which sector the optimization focused on minimizing the cost of supply for. 383
It can be seen how, when considering the Board sector (row 1), the supply cost increases sharply 384 with increasing cost of alternative biomass. It can also be seen how, for each price category, the 385 supply costs vary relative to one another, depending on whether the optimization was run for a 386
Global best, for the benefit of the Board sector, or for the benefit of the Energy sector. Therefore, it 387 can be seen how that in row 1 (Board sector) -the Board focused optimisation is always the 388 cheapest and the Energy sector focused optimization is always the most expensive to the Board 389 sector, and the Global optimum lies somewhere between these (Fig 3) . 390 While the scale (€ 6 000 000) is used in order to keep all scenarios in proportion, the visual 397 impression underplays the extent of market distortion that is taking place. In figure 3 
